A great expansion in the number of alloy compositions known to give bulk metallic glasses (BMGs) has occurred in recent years. This progress is reviewed, and factors contributing to glass-forming ability are discussed. Practical strategies for pinpointing compositions with optimum glass-forming ability are presented, with examples of their use. Consideration is also given to the wide range of possibilities for BMG-based composites.
Introduction
The formation of metallic glasses by direct quenching from the melt was first observed in 1960 in a Au-25at.%Si alloy. 1 A Pd-based metallic glass in bulk form (diameter, >1 mm) was reported in 1969, and a 1-cm-diameter ingot of fluxed Pd 40 Ni 40 P 20 glass was reported in 1984. 2 Beginning in 1988, interest in the development of bulk metallic glasses (BMGs) was revived by Inoue, 3 carrying out systematic searches for bulk glass formation in multicomponent alloys. These were succeeded by a report of a Zr-based Be-bearing alloy. 4 Today, scores of centimeter-sized BMGs in a variety of alloy systems have been documented (see Table I ). [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] All of these alloys are multicomponent systems with at least three elements, and the critical cooling rates for glass formation can be as low as 1 K/s.
Understanding glass formation, particularly in multicomponent systems, is a complex task involving multiple intertwined issues. Both qualitative and quantitative methods were developed during the past decades to analyze and predict glass-forming ability (GFA, expressed in terms of critical cooling rate) and glassforming range (GFR, expressing the range of composition), and to search for new glass-formers. Typical considerations involve thermodynamic driving force for crystallization, kinetic constraints to prevent nucleation and/or growth of the competing crystalline intermetallics, and dense efficient atomic packing that stabilizes the amorphous structure. These issues are addressed elsewhere in this issue, 20, 21 whereas this article focuses on the optimization of compositions to obtain BMGs or BMG-based composites with desired properties.
Kinetic Analysis of Glass Formation
The GFA of an alloy depends on the kinetics of evolution of the thermodynamically viable phases in the undercooled melt. The composition ranges where glasses may occur under given processing conditions are ultimately controlled by the competing crystallization of many possible phases, including not only the solid solutions but also the intermediate phases, either stable or metastable. For the GFA of a solidified alloy, the system's negative heat of mixing maintains the stability of both the undercooled melt and the solid solution, but more importantly, it reduces the atomic mobility in the melt. These conditions are not necessarily sufficient for glass formation; the kinetics of both partitionless (single-phase melt forming a single-phase crystal) and primary/eutectic crystallization of the other competing phases, either stable or metastable, ultimately controls the GFA.
The primary crystallization of all possible phases from the non-phase-separated liquid can be considered. Assuming homogeneous nucleation without preexisting nuclei and following the simplest Figure 1 ). The relatively large values of t′, indicating the slowest primary crystallization, clearly occur at compositions that match the easy GFR found experimentally. Similar results have been obtained for Al-Ni-Gd systems. The slowest primary crystallizations occur at hypereutectic compositions far from the eutectic compositions, generally matching the GFRs measured in melt-spun alloys. Thus, the compositional ranges of the slowest primary crystallization kinetics define where metallic glasses may be most easily formed.
The nucleation and growth of competing crystalline phases can be impeded in several ways. In principle, the favorable glass-forming region in a multicomponent phase diagram may be located by examining the crystallization kinetics of the various crystalline phases on cooling the melt. The highest GFA is likely to occur in a compositional region where the crystallization rate is slowest, as reported for glass-forming Al-Gd-Ni alloys. 23 
Effects of Atomic Size on Glass-Forming Ability
Glass formation requires the stabilization of the amorphous structure and suppression of crystallization. For multicomponent alloys composed of atoms of different sizes, a dense random-packed structure is energetically favorable. 23 Increased atomic packing efficiency also decreases the average atomic free volume, which reduces the atomic mobility that mediates crystallization. Miracle and Senkov reported that GFA is favored by a more uniform separation in the atomic sizes, as well as a wider range of size. 25, 26 Earlier, Monte Carlo simulation of random close packing of polydisperse spheres produced similar findings. 27 The combined effects of atomic size distribution, chemical compatibility, and liquid-phase stability on GFA were investigated at the University of Virginia. [28] [29] [30] The interplay of atomic size and chemical interaction in GFA, which can be readily demonstrated in multicomponent alloy systems, is seldom addressed because of the experimental difficulty involved. One system that has been studied in considerable detail is based on the near-eutectic Y 56 Al 24 (Co,Ni) 20 alloy. 29 The atomic radii (r a ) of the alloying elements decrease in the order r a (Y > Al > Ni/Co) = (0.180 nm > 0.143 nm > 0.124/0.125 nm). To achieve a more uniform atomic size distribution, Zr, Mg, and Sc with similar r a ≈ 0.16 nm but different chemical interactions with the host Y and the solute components (Al, Ni, and Co) were selected as substitutes for Y to evaluate the GFA. Scandium clearly possesses the best combination of effects. Not surprisingly, it is the most effective substitute for Y, leading to the formation of an amorphous (Y,Sc) 56 Al 24 (Co,Ni) 20 ingot with diameter of 30 mm by water quenching. 9 Meanwhile, there also exist crystalline phases that can become unstable upon the addition of certain alloying elements. 31 For example, some Fe-based BMGs such as Fe 48 Cr 15 Mo 14 (Ln,Y) 2 C 15 B 6 , known as amorphous steel, exhibit a significantly enhanced GFA with additions of yttrium or a lanthanide element (Ln). 13, 32 Whereas the large Y and Ln atoms can be accommodated in the melt, their presence in the competing Fe 23 C 6 crystalline phase significantly decreases its stability; the need for these solutes to be partitioned for crystallization to proceed enhances the GFA. 33 
Optimizing GFA
Glass formation via suppression of crystallization can be achieved in two ways: one is to avoid nucleation altogether; the other (often overlooked) is the suppression of growth. The latter is worth consideration, because even when (as in most practical cases) heterogeneous nucleation occurs, a glass can still form if the growth of the nuclei is suppressed. A glass forms if its glass-transition temperature isotherm is higher than the growth temperature of any of the possible crystalline phases. On cooling, the phase with the highest growth temperature is kinetically favored and is observed in the solidified microstructure. By applying this competitive-growth principle and treating the glass as another competing phase, complete suppression of crystal growth is expected when the temperature of full glass formation is higher than the growth temperature of any of the crystalline phases. Based on the above assumption, an explicit relationship between the GFA and composition has been derived ( Figure  2) . 8, 34, 35 Two kinds of glass-forming zones, corresponding to two types of eutectic systems, were predicted. In the regular eutectic system, the best glass-forming range includes the eutectic composition (Figure 2a) , whereas in an irregular eutectic, the easy glass-forming range would be outside the eutectic composition ( Figure  2b ). In this case, the composition range of highest GFA will not be centered on the eutectic temperature.
Based on this model, a practical strategy for pinpointing the alloy composition with the optimum GFA experimentally has been developed. This makes use of the glass-forming diagrams and takes advantage of the hints provided by the microstructure. Figure 2 shows that in both cases, a glass-forming region is enclosed by composite-forming regions. Thus, as a function of alloy composition, the microstructure in a cast sample of an appropriate size would change from a composite (a primary phase in the amorphous matrix), to fully amorphous, and then to another composite (a different primary phase in the glass matrix). This is also evident for ternary systems. Thus, by monitoring the microstructure evolution with composition and eliminating the primary phases, one can locate the best glass-former in both binary and ternary systems. Successful implementation of this strategy was demonstrated in an asymmetrical binary (Cu-Zr) system near the eutectic reaction of liquid → Cu 8 Increasing the number of components in a given system is a popular and effective approach for enhancing GFA. For a quaternary system, all of the alloy compositions are distributed within a 3D composition space, which can be represented by a component tetrahedron. It is a challenge to locate the best glass-forming composition using a minimum number of alloys, especially since GFA can be strongly composition-dependent. In examining the alloying effects of a component, a simple approach is to partially substitute an existing component, for example, Ag substitution for the Cu in Mg-Cu-Y without any changes in the Mg and Y fractions. However, the metallurgical features (eutectic composition, shape of the liquidus surface, etc.) of the Agcontaining pseudo-ternary and eventually quaternary system differ from those of the starting ternary one. These factors strongly influence the GFA of the alloys. It is evident that the best glass-forming composition is not necessarily on the route of simple substitution.
In a systematic study of the Mg-Cu-Ag-Y quaternary as a model system, an approach to searching a 3D compositional space was established. 11, 38, 39 The quaternary system was treated as pseudoternary, such as Mg-(Cu,Ag)-Y with respect to ternary Mg-Cu-Y. Then the system was decomposed into a few consecutive compositional planes, each with a fixed Ag-to-Cu ratio, expressed as Cu 1−x Ag x (such as, x = 0, 0.1, 0.2, 0.3). This reduces the 3D search to several manageable 2D problems, because one can pinpoint the best GFA on each plane to set up reference points. Figure 3 shows the contour for BMG formation with a critical diameter D c = 8 mm in copper mold casting. The x = 0.2 plane gives the largest GFA, with D c = 16 mm (the red zone in Figure 3 ). The locus connecting the compositions of highest GFA (D max ) found on each plane delineates the pathway, now a 1D curved line, for locating the best glassforming alloy in the 3D compositional space. This orange arrow in Figure 3 points, as expected, in a direction very different from that of the vertical green arrow of the common substitution exercise. After pinpointing it on several planes, it can be concluded that the largest D c is 16 mm for this system, at composition Mg 54 Cu 28 Ag 7 Y 11 . It was also verified, as seen in Figure 3 , that a simple Ag substitution (green arrow) in the best glassforming alloy of the base ternary system would miss the best BMG formers. The power of the 3D pinpointing approach lies in locating the best glass-forming composition in a given system. By extending this approach to several systems, new BMGs with large D c , such as Cu 44 Another systematic approach to developing new BMGs is high-temperature centrifugal processing. 42, 43 In this procedure, a multicomponent alloy is melted in a centrifuge, and the resulting melt is slowly cooled during continuous centrifugation at gravitational accelerations of up to 100,000 g. Upon cooling, a series of primary phases forms, grows, and spatially separates by sedimentation. This process changes the liquid's composition until it finally solidifies in multiphase eutectic microstructures. The method thus yields the sequence of crystallization and the deep eutectic compositions that solidify last upon cooling. Producing alloys of these deep multiphase eutectic compositions leads to straightforward development of new BMGs. 
Formation of Bulk Metallic Glasses and Their Composites

BMG-Based Composites
At ambient temperatures where inhomogeneous deformation prevails, monolithic metallic glasses show consistently higher strength than crystalline materials of the same density. 3, [44] [45] [46] However, although the strength of metallic glasses is very high, they exhibit very limited plastic deformation without strain-hardening. Indeed, a tendency toward work-softening leads to localization of plastic flow into shear bands, and metallic glasses tend to fail spontaneously on one or a few dominant shear bands. To solve the problem of low plastic strain, it is thus often important to develop metallic glass composites instead of monolithic metallic glasses. Thus, apart from the search for new singlephase metallic glasses, the production of two-phase composites is of interest. One of the earliest approaches was the development of in-situ-formed BMG composites. 47 In this in situ approach, the original composition of the BMG is altered toward the composition of the primary crystallizing (ductile) phase. On cooling the melt, this ductile phase crystallizes first and shifts the composition of the remaining liquid toward the original glass so that this liquid solidifies as a BMG matrix (Figure 2) . The resulting two-phase structure (often composed of dendrites in the glassy matrix) is very effective in increasing shear-band population and hindering the propagation of shear bands. This has led to a drastic increase in compressive plastic strain without a significant loss in strength for various metallic glass systems. 35, [48] [49] [50] [51] The in situ method generates a homogeneous crystal distribution, but the microstructure of the two-phase composite is very sensitive to casting conditions, 52 such that upscaling of the technique may be difficult.
Another approach to producing twophase composites is the introduction of foreign particles into the BMG matrix. In this case, microstructure and mechanical properties can be easily tailored via adjustments in the type, shape, size, and volume fraction of the reinforcement particles. In many cases, high levels of reinforcement content were required to improve plastic strain, which drastically reduced the yield strength of the material. 53, 54 However, it was recently recognized that soft particles are much more effective in increasing plastic strain. In fact, a plastic strain of more than 18% was achieved without sacrificing the high yield strength of the glassy matrix for a composite containing only 3.5 vol% graphite. 55, 56 A slightly different approach to increasing plastic deformation is to introduce a substantial volume fraction of micrometersized pores into the material. 57 Such microstructures exhibit excellent compressive plastic strain combined with a substantial increase in specific strength because of their reduced density. A further approach is to develop foam structures based on metallic glasses. Several methods of producing such metallic foams have been applied and are also discussed in this issue. 58 Further, it should be mentioned that in rare cases, monolithic glasses can show high compressive plastic strain. This is the case when the Poisson ratio ν exceeds a critical value of approximately 0.31-0.32. [59] [60] [61] [62] Unfortunately, the elements with the highest Poisson ratios (e.g., ν = 0.39 for Pt and ν = 0.42 for Au) tend to be precious ones, and large plastic strain in monolithic BMGs has only been observed once, in a costly Pt-based alloy. 59 Finally, apart from forming composites of amorphous and crystalline phases, one can also develop a hierarchical microstructure entirely in the glassy state, for example, in all-metal BMGs such as the Zr-Cu-Ni-Ti-Be, Ni-Zr-Ti-Si, and Cu-Zr-TiAg alloy systems. 4, 40, 63 These heterogeneous BMGs are of potential interest in terms of shear-band propagation as well as for the development of additional functional properties. In the multicomponent systems exhibiting high GFA, the differences in the heat of mixing between some binary combinations can be large, possibly leading to phase separation into two glassy phases. Silicate glasses provide wellknown examples of phase separation and are widely studied for scientific understanding and engineering applications. [64] [65] [66] In the case of metallic glasses, there have been recent demonstrations of phase separation in Zr-La-Al-Cu-Ni alloy, 67 Ti-Y-AlCo, 68 and Ni-Nb-Y. 69 In particular, the Ti-Y-Al-Co glasses exhibit the entire spectrum of microstructural possibilities expected from a phase-separating system, ranging from a novel core-shell structure of spherical glassy particles embedded in a glassy matrix (due to the interplay between the critical wetting behavior of the phaseseparating system and the glass transition) to novel hierarchical arrangements of glassy spheres in a glassy matrix. The Zr-YAl-Co system gives a bulk phase-separating metallic glass system, indicating that such systems offer a unique opportunity to design composites with hierarchical microstructures of different length scales. 70 The characteristic size scale of the inhomogeneity due to primary phase separation is highly dependent on the local cooling rate as well as on the alloy system; for example, the inhomogeneity scale is 25-250 nm in as-melt-spun Ti 28 67 the upper size limit of the inhomogeneity is about 20 µm. The addition of a small amount of an alloying element with a positive enthalpy of mixing with the constitutive elements of the metallic glasses can produce improvements in plasticity within a limited composition range, even though the microstructure is composed of an amorphous structure without obvious structural ordering. Enhanced plastic In contrast, when the alloy composition is such that two-phase glasses are formed by liquid-state phase separation, the plasticity decreases dramatically, resulting in extreme brittleness. Because of the positive enthalpy of mixing between Y and Zr in the Cu-Zr-Al-Y alloy system, 74 phase separation can occur with increasing Y content, strongly indicating that local chemical inhomogeneity can exist even in alloy compositions that solidify into a single amorphous phase from the liquid state. Therefore the plasticity of the metallic glasses can be enhanced by introducing chemical inhomogeneity, but within a limited composition range.
Very recently, coextrusion with polymers to form composites has also been exploited. 75 With the development of metallic glasses with a glass-transition temperature in the range of that of polymers, the two can be processed at temperatures where they have the same viscosity. Thus, a new class of composite materials can be produced by replacing one of the metallic glass phases by a polymer phase. The resulting metallic glass/polymer composites promise to combine the complementary properties of metallic glasses (high strength, metallic conductivity, etc.) and polymers (high ductility, electrical insulation, etc.), if the two phases can be combined on an appropriate length scale.
Summary
Wider exploitation of bulk metallic glasses, and of the range of composites that can be based on them, awaits the development of low-cost materials with well-optimized property combinations. Although many new BMG-forming alloy compositions have been located in recent years, there is enormous potential for new compositions to be identified and then optimized using some of the approaches outlined in this article. There are also many possibilities for the development of BMG-based composites of different kinds.
